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Summary
RNase D (RND) is one of seven exoribonucleases
identified in Escherichia coli. RNase D has homologs
in many eubacteria and eukaryotes, and has been
shown to contribute to the 3 maturation of several
stable RNAs. Here, we report the 1.6 Å resolution
crystal structure of E. coli RNase D. The conserved
DEDD residues of RNase D fold into an arrangement
very similar to the Klenow fragment exonuclease do-
main. Besides the catalytic domain, RNase D also
contains two structurally similar -helical domains
with no discernible sequence homology between
them. These closely resemble the HRDC domain pre-
viously seen in RecQ-family helicases and several
other proteins acting on nucleic acids. More interest-
ingly, the DEDD catalytic domain and the two helical
domains come together to form a ring-shaped struc-
ture. The ring-shaped architecture of E. coli RNase
D and the HRDC domains likely play a major role in
determining the substrate specificity of this exoribo-
nuclease.
Introduction
RNase D is one of seven distinct exoribonucleases that
have been identified in Escherichia coli (Deutscher,
1993; Ezraty et al., 2005). It was initially discovered
through its action on “denatured” tRNAs in the first
demonstration that exoribonucleases could display a
high degree of specificity (Ghosh and Deutscher, 1978).
Subsequent studies have shown that RNase D partici-
pates in the maturation of tRNA, 5S rRNA, and several
other small-structured RNAs (Li et al., 1998). E. coli
strains devoid of RNase D grow essentially normally
(Blouin et al., 1983). However, RNase D becomes
essential for viability when other nucleases, RNase II,
BN, T, and PH, are eliminated, suggesting a role for
RNase D as a backup enzyme when the primary
nucleases are missing (Kelly and Deutscher, 1992).
In vitro, RNase D acts on tRNA-like substrates, with
essentially no activity against RNA homopolymers
(Cudny et al., 1981a). The most active RNase D sub-
strates identified are tRNA molecules containing addi-
tional residues following the mature 3# terminus or
molecules lacking all or part of the −CCA sequence.
RNase D is a 3# to 5# hydrolytic exoribonuclease, and
belongs to the DEDD superfamily. The DEDD superfam-*Correspondence: malhotra@miami.eduily contains both DNA and RNA exonucleases (Zuo and
Deutscher, 2001). Some of the DEDD members possess
both DNA and RNA exonuclease activities (e.g., E. coli
RNase T [Zuo and Deutscher, 1999] and E. coli oligori-
bonuclease [T.J. Fiedler, Y.Z., and A.M., unpublished
data] and its human homolog [Nguyen et al., 2000]).
Members of this superfamily contain four highly con-
served acidic residues as well as other conserved fea-
tures distributed in three conserved motifs (Figure 1). A
common catalytic mechanism was proposed for these
nucleases in which the four conserved acidic residues
bind two divalent metal ions (Steitz and Steitz, 1993).
Like all DEDD exonucleases, RNase D requires divalent
metal ions (e.g., Mg2+, Mn2+, or Co2+) for its activity
(Cudny et al., 1981a). The DEDD nucleases fall into two
subgroups (DEDDh and DEDDy) based on whether they
contain a histidine (h) or a tyrosine (y) in motif III (Zuo
and Deutscher, 2001). RNase D is a member of the
DEDDy subgroup. Sequence analysis suggests that the
RNase D DEDD domain is closely related to the Klenow
fragment exonuclease domain, which is another DEDDy
member.
Close homologs of E. coli RNase D have been found
in many sequenced bacterial genomes, including Pro-
teobacteria (α, δ, and γ divisions) and Mycobacteria.
Some genomes contain more than one close homolog
of RNase D, and many of these appear to be shortened
at their C termini. For example, there are two RNase
D-like proteins in Agrobacteria, of which one appears
to be an RNase D ortholog, whereas the other lacks
both of its C-terminal domains. In Rickettsia, both of
its RNase D-like proteins are significantly shorter and
missing one or both of the C-terminal domains. In fact,
orthologs of the short DEDDy catalytic domain of
RNase D seem to be more widely distributed. Although
these short proteins lack both C-terminal domains and
the characteristic RNase D motif [DN]-W-x(2)-R-P-[LI]-
x(6)-Y-A-x(2)-D in the DEDDy domain, they are fre-
quently annotated as an RNase D (e.g., Synechocystis
RNase D [Genbank accession no. G1001530]) (Zuo and
Deutscher, 2001).
RNase D-like proteins have not been found in any of
the sequenced archaeal genomes. On the other hand,
all eukaryotes seem to contain at least one RNase D
family member. Both the yeast exosome component
RRP6 and the human PM/Scl 100 kDa autoantigen are
close homologs of RNase D (Zuo and Deutscher, 2001).
RRP6 has been shown to have exoribonuclease activity
and to be involved in many aspects of yeast RNA me-
tabolism, including 3# maturation of 5.8S rRNA, sno-
and snRNAs, and in the degradation of improperly pro-
cessed rRNA and mRNA precursors (Allmang et al.,
1999, 2000; Bousquet-Antonelli et al., 2000; Briggs et
al., 1998; Burkard and Butler, 2000; Hilleren et al., 2001;
van Hoof et al., 2000). The eukaryotic homologs are
generally larger proteins with extra sequences at both
the N and C termini. It has been suggested that the N
terminus of RRP6 is involved in interactions with other
Structure
974Figure 1. Multiple Alignment of RNase D-Related Sequences
Sequences are from the NCBI nonredundant protein sequence database. Sequence included here are: RND_ECOLI, E. coli RNase D (acces-
sion no. G133152); RND_MYCTU, M. tuberculosis Rv2681 protein, a putative RNase D (G15609818); RND_AGRTU, putative A. tumefaciens
RNase D (G13195121); RRP6_YEAST, S. cerevisiae RRP6 protein, an exosome component (G14195186); PMC2_HUMAN, the human RRP6
equivalent (G8928564); RND_RICPR, putative R. prowazekii RNase D (G7467941); RND_SYNY3, putative Synechocystis RNase D (G1001530);
and RND2_AGRTU, another A. tumefaciens RNase D-related protein (G17937803). These sequences are chosen because they are representa-
tive: RRP6_YEAST and PMC2_HUMAN are eukaryotic RNase D homologs; RND_MYCTU and RND_AGRTU are two distant bacterial homologs
of E. coli RNase D; the other three sequences are distantly related to E. coli RNase D, but lacking one (RND_RICPR) or both (RND_SYNY3
and RND2_AGRTU) C-terminal domains. This sequence alignment was initially generated by ClustalX and manually adjusted based on sec-
ondary structure predictions due to very weak sequence conservation, especially at the C-terminal domain. Many other related sequences
(not shown) have been used to help produce this sequence alignment. The conserved DEDDy residues are marked with red triangles, and
are distributed among three exo motifs (Zuo and Deutscher, 2001). Residues conserved among most RNase D homologs are boxed and
colored. Highly conserved residues are highlighted in red. The numbering on the top is according to E. coli RNase D sequence.exosome components, whereas the C terminus con- t
Rtains two nuclear localization signals (Briggs et al.,
1998; Phillips and Butler, 2003). Many other eukaryotic c
pproteins also have been related to RNase D. Among
them is the Werner Syndrome protein (WRN), which is f
Da helicase. Interestingly, WRN also contains a DEDDy
exonuclease domain and a helicase and RNase D m
lC-terminal (HRDC) domain. The HRDC domain, a puta-
tive nucleic acid binding domain, was first identified as n
a common domain at the C termini of RNase D and
many RecQ helicases by sequence analysis (Morozov R
et al., 1997). Studies of RNase D should help to shed
light on the nucleic acid binding properties of the HRDC G
Rdomain and the cooperative interaction between the
DEDD and the HRDC domains. n
sEarly structural studies of the DEDD family involved
DNA exonucleases of the DEDDy subgroup, including w
mexonuclease domains of many DNA polymerases (e.g.,
the Klenow fragment of E. coli DNA polymerase I) s
w(Beese et al., 1993). Recently, several structures of
DEDDh members, including both DNA and RNA exo- t
inucleases, have been reported (Breyer and Matthews,
2000; Hamdan et al., 2002; Horio et al., 2004). Here, we l
nreport the crystal structure of E. coli RNase D refinedo 1.6 Å resolution. To our knowledge, this is the first
Nase structure of the DEDDy group. It reveals a DEDD
atalytic domain very similar in structure to those of
reviously characterized members of the DEDD super-
amily. Aside from the DEDD catalytic domain, RNase
also contains two HRDC domains. These three do-
ains form a funnel-shaped ring architecture, which
ikely plays a major role in defining RNase D exo-
uclease activity.
esults
eneral Structure of E. coli RNase D
Nase D crystals were obtained using w2.3 M ammo-
ium sulfate (pH 7.0) as the precipitant. A 1.90 Å crystal
tructure of E. coli RNase D in space group P212121
as initially solved by multiple isomorphous replace-
ent (MIR) using Hg2+ and Zn2+ derivatives. Five Hg
ites and one Zn site were identified using SOLVE (Ter-
illiger and Berendzen, 1999). It was observed later
hat the five Hg sites are near the five cysteine residues
n RNase D with 60%–97% occupancies, whereas the
one Zn site was at the DEDD catalytic center coordi-
ated by three of the four acidic residues. This struc-
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975ture was refined to an R factor of 0.196 (Rfree = 0.226).
Subsequently, the model was refined against a 1.60 Å
dataset from a Zn-containing crystal of the same space
group to an R factor of 0.196 (Rfree = 0.216) (Table 1).
Only the 1.60 Å resolution structure will be discussed
in detail here.
The overall architecture of E. coli RNase D can be
described as a funneled ring structure formed by three
structural domains (Figure 2A). The N-terminal domain
is a highly negatively charged DEDD exonuclease do-
main. This domain adopts an α/β fold that closely re-
sembles the Klenow fragment exonuclease domain in
sequence and structure. The middle section of RNase
D folds into a mainly α-helical domain, termed an HRDC
domain (HRDC1), first identified as a common fold in
the C termini of RecQ family helicases and RNase D
(Liu et al., 1999; Morozov et al., 1997). Our structure
reveals that the C terminus of RNase D folds into a sep-
arate structural domain with a topology very similar to
the HRDC fold, as confirmed by a structural homology
search using the Dali server (Holm and Sander, 1993).
As shown in Figure 2B, both the middle and the C-ter-
minal domains contain extended, positively charged
patches on their surfaces. Interactions between the
C-terminal HRDC-like domain (HRDC2) and the N-ter-
minal DEDD domain bring the three domains into a
ring-shaped structure. In the refined RNase D structure,
electron density is continuous from the first (Met1) to
the last (Gln375) residue, except for a loop region
around residues 132–136, which is poorly defined and
has higher than average B values. Site-chain density
was also observed for all but a few loop residues.
Role of Crystal Packing in RNase D Architecture
A ring-shaped structure has been reported for another
DEDD exonuclease, E. coli DNA exonuclease I, in whichTable 1. Summary of Data Collection Statistics and Refinement
Data Collection
Datasets Native Native + HgCl2 Native + ZnSO4 Native + ZnSO4
Space group P212121 P212121 P212121 P212121
Unit cells (Å)
a 50.5 51.5 50.7 51.0
b 80.3 80.2 80.3 80.1
c 103.9 103.9 103.8 103.7
Wavelength (Å) 1.5418 1.5418 1.5418 0.97904
Resolution range (inner shell) (Å) 40–1.9 (1.96–1.90) 40–1.9 (1.96–1.90) 40–1.9 (1.96–1.90) 30–1.6 (1.66–1.60)
Total observations (unique reflections) 120,196 (34,039) 122,409 (33,178) 119,948 (34,058) 314,838 (55,994)
Completeness (inner shell) (%) 99.8 (100) 95.3 (91.5) 99.4 (98.4) 97.8 (86.6)
<I/σ> 38.2 18.2 33.3 32.8
Rmerge (inner shell)a 0.031 (0.136) 0.059 (0.243) 0.038 (0.192) 0.044 (0.240)
Refinement Statistics
Resolution range 40–1.9 Å 26.95–1.60 Å
R factor (R/Rfree)b 0.196/0.226 0.196/0.216
Number of atoms (protein/solvent) 2,976/382 3,007/368
Rms derivations bond length (Å) 0.005 0.005
Rms derivations bond angle (°) 1.2 1.2
Ramachandran plot statistics (%)
Most favored region 95.2 95.2
Additionally allowed region 4.8 4.8
Generally allowed region 0.0 0.0
a Rmerge = (Σ|I − <I>|)/(Σ<I>), where <I> refers to the average intensity of multiple measurements of the same reflection.
b R and Rfree = (Σ|Fobs − Fcal|)/(Σ|Fobs|). Rfree was calculated using 5% of the data not included in the refinement.the ring shape was suggested to be responsible for its
processivity (Breyer and Matthews, 2000). The func-
tional significance of the ring shape in RNase D is not
clear. Interestingly, unlike the relatively rigid arrange-
ment in exonuclease I, the ring structure of RNase D
appears to be very flexible. The middle domain, HRDC1,
makes essentially no contacts with the C-terminal
HRDC2 domain except for a long linker sequence.
HRDC1 is also connected to the DEDD domain with a
long flexible region, with limited interdomain contacts,
which bury about 270 Å2 surface area per interacting
domain. Even the interaction between the HRDC2 and
the DEDD domains, which brings the three domains of
RNase D into the ring shape, appears not to be very
strong. The interface between the HRDC2 and DEDD
domains covers a surface area of about 500 Å2.
RNase D crystals diffract very well, suggesting a
highly ordered structure. This ordered structure is due
to extensive intermolecular interactions that form the
P212121 crystal, as highlighted in the crystal packing
shown in Figure 2C. The flexible HRDC1-HRDC2 linker
in RNase D (molecule A in Figure 2C) is immobilized
through extensive interaction with a symmetry-related
molecule (molecule B in Figure 2C) covering about
800 Å2 of buried surface; the HRDC2-DEDD interface in
A is further stabilized through contacts (approximately
430 Å2 of buried surface) with the DEDD domain of an-
other symmetry-related molecule (molecule C in Figure
2C), which interacts with both the HRDC2 and DEDD
domains of molecule A. The most extensive crystal
packing interactions come from two other symmetry-
related molecules (D and D# in Figure 2C) that are off
by one unit cell dimension (w51 Å) along one crystal
axis. In the A-D/A-D’ pairs, the DEDD and HRDC1 do-
mains from one molecule interact with the HRDC1 and
HRDC2 domains from another molecule. At the inter-
Structure
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(A) A ribbon representation of RNase D in stereo. The three structural domains are colored differently: cyan = N-terminal DEDD domain;
yellow = first HRDC domain (HRDC1); orange = C-terminal HRDC domain (HRDC2). Also shown are conserved DEDDy residues (red sticks)
and bound metal ions (balls).
(B) Molecular surface of RNase D, colored by local electrostatic potential using GRASP (Nicholls et al., 1991). Red color indicates negative
potential, blue color indicates positive potential. Also shown is the backbone of a double-stranded nucleic acid fragment manually modeled
into this structure to display a possible mechanism of substrate binding.
(C) Crystal packing in RNase D crystal (stereo view). Shown here is a P212121 unit cell of RNase D crystal. Molecule A in the middle is shown
as a molecular surface color-coded as in (A); molecules B (lower left) and C (lower right) in a ribbon representation are colored purple;
molecules D (upper front) and D# (upper back) are separated by one-unit cell dimension, and are color-coded as in molecule A, but in a
ribbon representation.face of each interacting pair, more than 1100 Å2 surface b
iarea is buried for each molecule. The end result of
these interactions is that the HRDC1 domain in mole- 2
ucule A gets “sandwiched” by symmetry-related mole-
cules D (HRDC2 domain) and D# (DEDD domain). Thus, f
lthe potentially flexible HRDC1 domain becomes immo-
bilized by forming the crystal. Interestingly, several sul- h
fate ions are seen at the HRDC1-HRDC2 interface in t
the RNase D structure. c
t
sCommon Structural Motifs in DEDD Domains
The DEDD domain was named for the four highly con- d
served acidic residues, proposed to be essential forinding divalent metal ions, and thus for catalytic activ-
ty, of this exonuclease superfamily (Zuo and Deutscher,
001). The four conserved acidic residues are distrib-
ted in three separate motifs. It is now known that all
our acidic amino acids (aa) do not have to be abso-
utely conserved in order for a protein of this family to
ave exonuclease activity (Thore et al., 2003). Struc-
ures of several DEDD domain-containing proteins are
ompared in Figure 3A. The DEDD nucleases fall into
wo subgroups, DEDDh and DEDDy, and both groups
hare a common α/β fold, as shown in Figure 3A. The
ifferences in the sequences in motif III between thetwo subgroups lead to slightly different local folding
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977surrounding the putative catalytic pocket of these
nucleases. In the DEDDh subgroup, the conserved
H-x(4)-D is positioned at the beginning of a long helix
with the histidine still in a flexible loop, whereas in the
DEDDy subgroup, the conserved Y-x(3)-D is present at
the upper half of an even longer and kinked helix (helix
α7 in RNase D, Figure 2). Yeast pop2 protein, which
does not contain a canonical DEDDh or DEDDy motif,
forms a DEDDh-like fold, consistent with the fact that
its close homologs are DEDDh proteins (Thore et al.,
2003). The functional implication of this structural dif-
ference between DEDDh and DEDDy is not clear. It is
likely not related to the DNase and RNase activities of
DEDD proteins because both DNases and RNases have
been identified in each subgroup. This structural and
sequence difference could affect the preference for
metal ions in the putative catalytic sites of these en-
zymes; although no differences in metal binding have
been reported between the DEDDh and DEDDy sub-
families, inhibition by Zinc has been observed in some
DEDDh exoribonucleases (Deutscher and Marlor, 1985;
A.A. Tolun, Y.Z., and A.M., unpublished data).
RNase D DEDD Domain
Several DEDDy structures have been solved previously
(e.g., Klenow fragment and T4 DNA polymerase) (Free-
mont et al., 1988; Wang et al., 1996). These are all DNA
exonuclease domains of DNA polymerases. The RNase
D DEDD domain is structurally most closely related to
the DEDD domain of the Klenow fragment, with a root-
mean-square difference (rmsd) of 1.63 Å for 159 equiva-
lent Cα atoms. They both belong to the DEDDy sub-
group, with 17% sequence identity over 188 aa. A more
detailed view of the RNase D DEDD domain and the
putative active center is shown in Figure 3B. This struc-
ture contains a six-stranded β sheet in the middle, with
α helices flanking both sides. It forms a closed, very
compact structure on one side, and an open pocket on
the other side that is lined by the β sheet. Sitting inside
this open pocket are the conserved DEDDy residues,
which form the putative active center of RNase D. Sur-
rounding the pocket opening are three flexible loops,
including residues 33–38, 111–117, and 127–137. Sev-
eral of these loop residues are poorly defined in our
structure, although it is likely that they would become
more ordered upon substrate binding.
RNase D family proteins are not very highly con-
served, and the limited sequence conservation appears
mostly within the DEDDy domain. The most prominent
of these are the three exo motifs within which the
DEDDy residues are embedded (Asp28 and Glu30 in
exo I, Asp85 in exo II, and Tyr151 and Asp155 in exo III,
as shown in Figure 1). The importance of the conserved
DEDDy residues for the catalytic activity of the RNase
D family proteins has been shown previously in RRP6,
a yeast member of the RNase D family (Phillips and
Butler, 2003). All point mutations in the DEDDy con-
served residues abolish RRP6 activity both in vivo and
in vitro, consistent with the suggestion that RNase D
family proteins share the same catalytic mechanism as
the Klenow fragment exonuclease activity.
Apart from the three exo motifs, there are few highly
conserved residues in the RNase D family. Among
them, the most conserved residues are Gln45, Asp56,Lys77, Asp102, Thr103, Lys132, and the DW-x(2)-RPL
(residues 138–144) before the exo III motif (see Figure
1). The majority of these highly conserved residues ap-
pear to be structurally important: Gln45 interacts with
both the exo I and exo III motifs, and thus helps stabi-
lize the DEDD active center; Asp56 and Arg142 form a
salt bridge to help bring the two regions together;
Lys77 is buried, with its amine group within hydrogen-
bonding distance of five main-chain carbonyl groups,
possibly stabilizing the loop between α3 and β5;
Asp102-Thr103, which are also conserved in many
other DEDD exonucleases, interact with exo II motifs to
help maintain the active center conformation; the DW-
x(2)-RPL motif, which is characteristic of the RNase D
family, appears to be important for local folding be-
cause it forms a tight turn at Asp138-Trp139 and also
contains a cis-peptide bond at Pro143. Trp139 might
also contribute to the overall conformation of the DEDD
center due to its stacking against Glu30. Lys132, a resi-
due in the middle of flexible loop 127-137, is the only
conserved residue outside of the exo motifs, possibly
making direct contacts with substrates.
Metal Ions
An important feature of the DEDD family proteins is the
two metal ions bound to the DEDD residues at the
active center. A general, two-metal, catalytic mecha-
nism involving these metal ions has been proposed
(Steitz and Steitz, 1993). In the RNase D structure, two
metal ions are also observed at the active center (site
A and B, Figure 3C). It is not yet clear what the native
metal ions are in E. coli RNase D. Here both metal ions
are modeled as Zn2+ due to the inclusion of Zn2+ in
the crystallization buffer. The presence of Zn2+ in these
RNase D crystals was also confirmed by the presence
of characteristic fluorescence with X-rays at the Zn
edge (λ = 1.283 Å; data not shown). The A-site metal
ion is tightly bound to the protein. Even in the absence
of Zn2+ in the crystallization buffer, there is significant
density at this site (about one third compared to crys-
tals grown with Zn2+). This must be a bound metal ion
that survived the protein purification procedures. This
metal ion is coordinated by three carboxylate side
chains, coming from residues Asp-28, Glu-30, and Asp-
155. The coordination geometry is completed by a
water molecule, resulting in a tetrahedral coordination.
The coordinated water molecule is clearly visible in the
1.60 Å structure (W1 in Figure 3C). A nearby water
molecule forms hydrogen bonds with both Glu30 and
Tyr151 (W2 in Figure 3C). According to the mechanism
proposed for Klenow fragment (Beese and Steitz, 1991;
Freemont et al., 1988), this water molecule presumably
would attack the terminal phophodiester bond during
catalysis. Electron density at the A site is somewhat
elongated (Figure 3C), and we modeled this as an al-
ternate conformation (30% occupancy) for the A-site
metal in our structure. A corresponding alternate con-
formation is also seen for the residue Asp28.
The B site shows much weaker metal binding. No
significant electron density was visible at this site in
the absence of added divalent metal ions. Even in the
presence of 1 mM ZnCl2 in the crystallization buffer, the
B site is only partially occupied, and this Zn2+ ion was
modeled at 50% occupancy. It is possible that stable
Structure
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979idues Trp223, Arg224, Asp232, and Pro252 are sharedA three-dimensional structure of an HRDC domain,
Figure 3. DEDD Exonuclease Domains
(A) Comparison of DEDD domains from various proteins. The E. coli RNase D structure is compared to the structures of Klenow fragment
(PDB ID: 2KZZ), E. coli exonuclease 1 (EX1, PDB ID: 1FXX), N-terminal domain of DNA polymerase III  subunit (DP3E, pDB ID: 1J53), and
yeast POP2 protein (PDB ID: 1UOC). The DEDD core domains are colored purple in each ribbon diagram. RNase D and Klenow fragment
belong to the DEDDy subgroup, EX1 and DP3E contain DEDDh motifs, whereas POP2 contains only one of the four highly conserved acidic
residues. The views shown were obtained by superposing the full catalytic DEDD domains. The DEDDh/DEDDy or residues at equivalent
positions are colored red and shown as sticks. An additional helix (colored cyan) shared between RNase D and Klenow fragment connects
their DEDD domains to other structural domains.
(B) Superposition of the Cα traces of RNase D (in color) and Klenow fragment (in gray) DEDD domains is shown in stereo. Also shown are
metal ions (balls) and DEDDy residues (red or gray sticks), as well as a dinucleotide (orange sticks) bound in the Klenow fragment crystals.
(C) Stereo view of the 2Fo − Fc density map (contoured at 1.0 σ) at the RNase D putative active center. Superimposed is a partial ball-and-
stick model of RNase D. DEDDy residues and several water residues are labeled. “A” and “B” indicate two bound metal ions in RNase
D crystal.binding of the second metal requires the presence of
substrates at the active site. The carboxylate group of
Asp-28 bridges both metals, similar to what has been
shown in the Klenow fragment (Beese and Steitz, 1991;
Freemont et al., 1988).
RNase D does not act on short oligonucleotides (data
not shown), possibly due to their weak binding at the
active center. This can be explained from the structure.
The entire DEDD domain is highly negatively charged,
and thus not amenable to direct nucleic acid binding.
As mentioned above, sequence conservation also does
not suggest any significant interactions between the
DEDD domain and the substrates. Attempts to cocrys-
tallize RNase D with a dinucleotide ApUp did not lead
to visible density in the electron density map. However,
we used the structure of a substrate bound to the
Klenow fragment (PDB ID: 2KZZ) (Brautigam et al.,
1999) to model a dinucleotide into the RNase D DEDD
pocket (Figure 3B). This dinucleotide, positioned by su-
perimposing the Klenow DEDD domain onto RNase D,
shows essentially no structural conflicts with our struc-
ture, suggesting that the DEDD pocket is capable of
holding a dinucleotide. Longer substrates may be nec-
essary for this exoribonuclease to allow interactions
with other regions of RNase D, and to provide stable
binding and presentation of the 3# end of the substrate
onto the DEDD catalytic center (see Figure 2B and the
Discussion section).
HRDC Domain, a Putative Nucleic
Acid Binding Domain
The HRDC domain was first identified by sequence
analysis as a common domain at the C terminus of
RNase D and many RecQ helicases (Morozov et al.,
1997). An HRDC domain exists in at least three genes
linked to human diseases that encode the human PM-
Scl autoantigen, an RNase D homolog, and the human
Werner and Bloom syndrome proteins, both RecQ heli-
cases. The HRDC domain is one of three potential re-
gions of mutational susceptibility in Werner Syndrome
protein (WRN) with identical mutations in various ethnic
groups (Oshima et al., 1996). It has been suggested that
elucidation of the role of the HRDC domain might be
important for deciphering the molecular underpinning
of the pathogenesis of Werner and Bloom syndromes,
and more generally, for understanding the role of heli-
cases in genome stability (Morozov et al., 1997).that of yeast Sgs1p helicase, was determined pre-
viously using NMR spectroscopy (PDB ID: 1D8B) (Liu
et al., 1999). The NMR structure shows that the HRDC
domain folds as a cluster of five helices (α1–α5), in
which the last two helices (α4 and α5) can be described
as a single helix with a kink. This all-α-helix fold has
been observed in many other proteins, including the
bacterial DExx-box helicases (Liu et al., 1999), and the
archaeal and eukaryotic RNA polymerases (Meka et al.,
2003; Todone et al., 2001). As suggested initially, the
most obvious common denominator among all the pro-
teins containing HRDC is their interaction with RNA or
DNA, pointing to a possible role in nucleic acid binding
(Morozov et al., 1997). This nucleic acid binding capa-
bility has been shown for the Sgs1p HRDC domain, in
which a positively charged patch on the surface of the
protein interacts nonspecifically with DNA (Liu et al.,
1999). However, this positively charged patch appears
not to be conserved among HRDC domains. A struc-
ture-guided multiple sequence alignment of HRDC do-
mains is shown in Figure 4A. There are no conserved
basic residues in these HRDC domains. Actually, there
is essentially no sequence similarity, other than a few
conserved hydrophobic residues, among most of these
HRDC domains.
Middle HRDC Domain, HRDC1, in RNase D
The middle domain of RNase D (residues 210–285),
here called HRDC1, is a founding member of this do-
main (Morozov et al., 1997). The structure of HRDC1
reveals a very similar fold to the Sgs1p HRDC domain
(see Figure 4B). Helices α11, α13, and α14 in RNase D
correspond to α1–α3, whereas the kinked helix α15 is
equivalent to α4–α5 in the Sgs1p HRDC domain. Struc-
tural superposition of the RNase D HRDC1 domain with
the Sgs1p HRDC domain gives an rmsd value of 1.71 Å
(over 69 equivalent Cα atoms). HRDC1 also contains a
positively charged surface patch formed by basic argi-
nine and lysine residues, including Arg226, Lys227,
Arg231, Arg240, Arg269, Lys273, and Lys281. This
patch is positioned differently relative to the positively
charged patch in the Sgs1p HRDC domain (see Figure
4C). In our crystal structure, several sulfate ions bind to
this basic patch, suggesting a possible role in nucleic
acid binding through electrostatic interactions.
Among RNase D family proteins, the HRDC1 domain
is reasonably conserved in sequence. For example, res-
Structure
980Figure 4. HRDC Domains
(A) Structure-guided sequence alignment of HRDC domains. HRDC1 = first HRDC domain in RND; HRDC2 = RND C-terminal HRDC domain;
1D8B = Sgs1p HRDC domain (PDB ID: 1D8B); 1GO3 = HRDC domain of an archaeal RNA polymerase (PDB ID: 1GO3). HRDC1 secondary
structure is shown on top, HRDC2 secondary structure is shown on bottom, and every tenth residue is numbered according the E. coli RNase
D sequence. The labels of secondary structures are the same as in Figure 1.
(B) Superposition in stereo of the Cα traces of HRDC1 (green), HRDC2 (cyan), and Sgs1p HRDC domain (purple).
(C) Molecular surface of HRDC1, HRDC2 and Sgs1p HRDC domain, colored on the same scale by local electrostatic potential using GRASP
(Nicholls et al., 1991). The upper panel is shown in the same orientations as in (B). The lower panel shows a view rotated by 180° along the
horizontal axis. Blue color represents positive potential; red color represents negative potential.between E. coli RNase D and its eukaryotic homologs f
o(Figure 1). Mutational studies of yeast RRP6 have shown
that the HRDC1 domain along with some of these con-
served residues are important for 3#-processing of sta- C
Tble RNAs (Phillips and Butler, 2003). In the RNase D
structure, the only significant interaction between the c
gHRDC1 and the DEDD domains involves the conserved
residue Asp232. The carboxyl side chain of Asp232 iorms two hydrogen bonds with the backbone amides
f Tyr37 and Tyr38.
-Terminal Helix Domain, HRDC2
he C-terminal domain of RNase D shows very weak
onservation, and is conserved only among related or-
anisms. The sequence alignment of this region shown
n Figure 1 was entirely based on secondary structure
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981predictions. The C terminus of RNase D (residues 301–
375) forms another α-helical HRDC domain, here
termed HRDC2, as suggested by structural homology
searches using the DALI server (Holm and Sander,
1993), which gives best hit against the Sgs1p HRDC
domain with a Z score of 5.3. There is no discernible
sequence homology between the RNase D HRDC2 do-
main and any other known HRDC domains. HRDC2 and
HRDC1 domains have very similar folds, with a back-
bone rmsd of 1.66 Å (over 61 Cα atoms). Both the
HRDC1 and HRDC2 domains of RNase D contain a
short helix (α12 and α19, respectively) between α heli-
ces corresponding to α1 and α2 in the Sgs1p HRDC
domain. The RNase D HRDC2 domain also contains a
kinked C-terminal helix, but it lacks the helix corre-
sponding to α3 in the Sgs1p HRDC domain. HRDC2
also contains a positively charged patch. Many of the
basic residues in this patch are conserved in related
bacteria. Interestingly, this patch is also located at a
different position relative to basic patches of the Sgs1p
HRDC domain and the HRDC1 of RNase D (see Figure
4C). Several sulfate ions were found bound to these
positive residues in the RNase D structure, suggesting
a possible role of HRDC2 in nucleic acid binding. In the
RNase D ring structure, the HRDC2 basic patch ex-
tends from the outer edge to the inside bottom of the
funnel. If the HRDC2 basic patch is directly involved in
substrate binding, this arrangement indicates that sub-
strates might extend into, and possibly through, the
ring.
Discussion
Mechanism of Action and Biological
Function of RNase D
Although RNase D was one of the first exoribonu-
cleases discovered to have a high degree of substrate
specificity (Cudny et al., 1981a, 1981b; Ghosh and
Deutscher, 1978), there have been only limited func-
tional and mechanistic studies on this enzyme. Known
substrates for RNase D include denatured and dam-
aged tRNAs, as well as tRNA precursors; RNase D has
only limited exonuclease activity on native tRNA
(Cudny et al., 1981a). RNase D is also relatively nonspe-
cific in its ability to interact with various nucleic acids.
For example, intact rRNA and poly(A) can each protect
RNase D against thermal inactivation (Cudny et al.,
1981b). Similarly, RNase D hydrolysis of denatured
tRNA is inhibited by both intact and partially degraded
tRNAs, 5S RNA, poly(U), and salmon sperm DNA (Cudny
et al., 1981a), suggesting that this enzyme is capable of
binding a variety of nucleic acid substrates.
RNase D expression appears deleterious to E. coli
growth, and we were able to express this enzyme only
with a highly controlled overexpression construct (leaky
plasmids for RNase D expression are very unstable).
The chromosomal RNase D gene in E. coli uses a UUG
initiation codon and includes an abnormally high level
(11.5%) of rare codons used by E. coli at a frequency
of <1% (Kane, 1995), which are likely to limit its endog-
enous expression. RNase D action on tRNAs in vivo
contributes to its deleterious effects on E. coli growth,
as shown by decreased tRNA levels upon RNase Doverexpression (Zhang and Deutscher, 1988). However,
only weak exonuclease activity has been observed for
RNase D with native tRNAs in vitro. Whereas this could
be due to the use of unfavorable conditions or the lack
of additional factors in the in vitro assays, it is possible
that the true native substrates for this enzyme are yet
to be identified. RNase D acts on denatured tRNA, but
not ssRNA (e.g., polyA), suggesting that RNase D might
prefer RNA substrates with some secondary structure
and a 3# unpaired overhang (Figure 2B shows a pos-
sible model). The ring shape also suggests that RNase
D might be a processive enzyme, although this has not
been observed with tRNA-like substrates (Cudny and
Deutscher, 1980; Cudny et al., 1981b). Finally, the dele-
terious effects of RNase D expression may also be due
to synergistic interactions with other RNA degradation
enzymes.
Auxiliary Domains for Substrate Binding
in DEDD Exonucleases
DEDD exonucleases are involved in many aspects of
nucleic acid metabolism (Zuo and Deutscher, 2001). In
many instances, the DEDD domain is associated with
various other functional domains, which may account
for the variety of functions carried out by these en-
zymes. Although DEDD domains by themselves some-
times display limited or no exonuclease activities, the
exonuclease activities frequently are stimulated by
other domains or protein subunits that are involved in
substrate binding. For example, removal of the poly-
merase domain from the Klenow fragment leaves a
DEDD exonuclease domain with no detectable activity
(Joyce and Steitz, 1994); the  subunit exonuclease ac-
tivity of E. coli DNA polymerase III is greatly enhanced
by assembly with the polymerase subunit (α subunit)
and the θ subunit (Maki and Kornberg, 1987; Studwell-
Vaughan and O’Donnell, 1993); E. coli RNase T forms a
homodimer, where the two DEDD domains appear to
be arranged in an opposing manner that allows each
monomer to provide a substrate binding surface lead-
ing into the catalytic center of the other monomer (Zuo
and Deutscher, 2002); the two DEDD domains in an oli-
goribonuclease homodimer appear to complement
each other in a manner similar to the RNase T homodi-
mer (T.J. Tristan, Y.Z., and A.M., unpublished data).
Likewise, the HRDC domains in RNase D could be the
major determinant for substrate binding and act in a
synergistic manner with the DEDD catalytic center. The
binding of sulfate ions to the HRDC domains in the
RNase D crystal structure is consistent with such a role.
RNase D activity is also inhibited by high concentra-
tions of monovalent cations (Cudny et al., 1981a), sug-
gesting that charge-interactions play an important role
in RNase D substrate binding.
Structure-Function Implications for RND/RRP6
Family Members
A prominent feature of the RNase D structure is the
formation of a funnel-shaped ring by the three struc-
tural domains. A similar architecture has been reported
previously for E. coli DNA exonuclease I, a member of
the DEDD family of exonucleases, in which the ring
shape was suggested to account for its processivity
Structure
9825(Breyer and Matthews, 2000). It is not yet clear whether
Bthe ring conformation of RNase D has anything to do
twith processivity. However, if the basic patches of the
f
HRDC domains were directly involved in binding sub- i
strates, it is conceivable that the ring conformation p
tcontributes to RNase D activity based on the shape and
morientation of the HRDC2 basic patch. A plausible
model for RNase D action is shown in Figure 2B. In
tthis model, the HRDC2 basic patch binds a double-
A
stranded substrate directly and makes its 3# end avail- w
able for DEDD exonucleolytic cleavage; at the same T
time, the unwound 5# complementary strand could u
tthread through the bottom of the funnel-shaped RNase
FD ring. In the structure presented here, the opening at
(the funnel bottom is partially closed by a flexible loop
M
(residues 343–356) and appears to be too tight for a 1
single strand of RNA to pass through. However, sub- R
strate binding could cause a rearrangement of this flex- p
fible loop to broaden the funnel bottom opening. A reori-
Bentation of the whole HRDC1 domain might also be
wpossible upon substrate binding. Such a reorientation
wof the HRDC1 domain might also allow its basic patch
(
to swivel toward the inside of the funnel and contribute 7
to substrate binding in a manner similar to that of the p
basic patch of HRDC2. The weak intramolecular in- t
ateractions between the HRDC1 domain and the rest of
wthe molecule, as well as the long flexible linkers at the
atwo ends, are suggestive of the mobility of this domain.
a
The linker sequences at the N and C ends of the t
HRDC1 domain are rich in glycines and prolines, and i
are seen in sequence alignments of many RNase D ho- f
tmologs.
cThe ring architecture of RNase D observed in our
wstructure is also intriguing when the eukaryotic homo-
wlogs of RNase D are considered. Close homologs of
p
RNase D (RRP6 in yeast, or PMC2 in human) are com- t
ponents of the eukaryotic nuclear exosome. The eukary-
otic RND homologs contain extra sequences at both 4
otheir N and C termini. It has been reported that the N
tterminus of RRP6 interacts with other exosome compo-
snents, and that the C terminus contains two nuclear
m
localizing signals (Briggs et al., 1998; Phillips and But- c
ler, 2003). In E. coli RNase D, the N and C termini are p
both outside of and pointing away from the ring struc- s
(ture. If the eukaryotic RND homologs adopt a similar
core conformation as the prokaryotic enzyme, the extra
domains at the N and C termini of these proteins would
Pbe oriented away from the ring, keeping the funnel con-
C
formation intact and accessible for substrate binding a
and exonuclease action. It has also been proposed that s
the exosome forms a ring structure (Aloy et al., 2002; i
ERaijmakers et al., 2002); the RND-like RRP6/PMC2 ring
tcould simply sit on top of the exosome ring to provide
msynergistic action for the nuclear exosome components
h
during RNA processing and degradation. s
a
sExperimental Procedures
s
cCloning, Expression, and Purification of RNase D
wThe E. coli RNase D gene was PCR-amplified from pDB14 plasmid
n(Zhang and Deutscher, 1988) and cloned into the pET15b vector
c(Novagen Inc.) between the NcoI and BamHI sites to construct the
tRNase D overexpression plasmid pETD. The oligonucleotide PCR
primers are: 5#-AAATCATGAATTACCAAATGATTACCACGG-3# and p#-AAAGGATCCGGCTTCGGAAG-3#, which contain BspHI and
amHI sites respectively. The native UUG initiation codon was mu-
ated to AUG to improve translation. The pETD construct was con-
irmed by DNA sequencing. Plasmid pETD was then transformed
nto E. coli strain Rossetta(DE3)pLysS (Novagen Inc.) for overex-
ression. The RNase D protein produced from this construct con-
ains the complete 375 aa of the native protein with a calculated
olecular weight of 42.7 kDa.
RNase D was overexpressed by adding 1 mM IPTG (final concen-
ration) to 2 L of cells grown in Luria Broth (Invitrogen Inc.) to an
600 of w1.0 at 37°C; the induction proceeded for about 2 hr. Cells
ere pelleted by centrifugation, resuspended in buffer A (20 mM
ris-Cl [pH 7.5], 10% glycerol, 1 mM DTT) and then flash-frozen
sing liquid nitrogen and stored at −80°C. For RNase D purification,
he frozen cell suspension was thawed at 0°C and lysed using a
rench Press at 12,000 psi in the presence of protease inhibitors
0.1 mM phenylmethylsulfonyl fluoride and 1 tablet of Complete
ini Protease Inhibitor Cocktail [Boehringer Mannheim Inc.]) and
0 g/ml of DNase I. The lysate was clarified by centrifugation.
Nase D was then purified chromatographically using established
rocedures (Cudny et al., 1981b) with some modifications. Briefly,
ollowing centrifugation, the supernatant was applied to an Affi-Gel
lue column (GE Healthcare Inc.) in Buffer A and eluted stepwise
ith increasing amounts of NaCl. RNase D-containing fractions
ere combined and applied directly to a hydroxyapatite column
Bio-Rad Inc.) equilibrated with 8 mM potassium phosphate (pH
.4), and RNase D was eluted with a linear gradient of potassium
hosphate (8–400 mM). The combined RNase D-containing frac-
ions from the hydroxyapatite column were then applied directly to
MonoQ anion exchange column (GE Healthcare Inc.) equilibrated
ith buffer A containing 100 mM NaCl. RNase D was eluted using
100−1000 mM NaCl gradient (in buffer A). RNase D elutes at
bout 250 mM NaCl. The RNase D peak fractions (w3 ml) were
hen applied to a Superdex S200 column (GE Healthcare Inc.) equil-
brated with buffer A containing 300 mM NaCl. The peak protein
ractions were pooled and concentrated by Microcon centrifuga-
ion (Millipore Inc.) to 40 mg/ml, as measured by A280 (the extinction
oefficient of 80,000 M−1 cm−1 was calculated by the ProtParam
ebserver [Gill and von Hippel, 1989]). The concentrated protein
as kept at −80°C after flash-freezing in liquid nitrogen. RNase D
rotein was diluted with an equal volume of buffer A prior to crys-
allization setups.
All centrifugation and chromatographic steps were carried out at
°C. The purification described above yields approximately 15 mg
f RNase D from 8 g of cells. The purified RNase D protein appears
o be over 95% pure as judged by results of SDS-PAGE and sub-
equent Coomasie staining. Gel filtration suggests an RNase D
onomer with an apparent size of about 45 kDa (data not shown),
onsistent with previous observations (Cudny et al., 1981b). The
urified RNase D protein is active against denatured tRNA sub-
trates, but not against poly(A) or synthetic RNA oligonucleotides
data not shown).
rotein Crystallization
rystal Screen I and II kits (Hampton Research Inc.) and PEG/
mmonium sulfate grids were used in the initial crystallization
creening of RNase D with a 96-well sitting drop setting. The hang-
ng-drop technique was used for subsequent crystal optimizations.
ach drop contains equal volumes of protein and reservoir solu-
ion. RNase D protein crystallizes in the presence of 2.0–2.5 M am-
onium sulfate and various buffer conditions. The crystals we used
ere were grown with a reservoir containing 2.2–2.3 M ammonium
ulfate and 0.1 M HEPES (pH 7.0). Crystals of RNase D usually
ppeared overnight under these conditions. Crystals grew to full
ize in 2–7 days, with a maximum size of over 1 mm in each dimen-
ion. Zn2+-containing crystals were grown with 1 mM ZnSO4 in-
luded in the reservoir prior to drop setup. Mercury(II) derivatives
ere prepared by soaking RNase D crystals (without Zn2+) over-
ight in the mother liquor containing 5 mM HgSO4. Before data
ollection, crystals were transferred to reservoir solution and then
ransferred in steps to increase glycerol to about 17.5% for cryo-
rotection.
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983Data Collection, Processing, and Structure Determination
Crystals of native RNase D and heavy metal (Hg2+, Zn2+) derivatives
diffracted X-rays very well. MIR data were collected using an in-
house X-ray source (a Rigaku RU-3HR rotating copper anode X-ray
generator with osmic optics) equipped with a 30 cm MAR image
plate detector. High-resolution (1.6 Å) data for Zn2+ derivatives were
collected at the X12C Beamline, National Synchrotron Light Source
(NSLS), Brookhaven National Laboratory (BNL). Data were reduced
using Denzo and Scalepack (Otwinowski and Minor, 1997).
The native RNase D structure was solved by the MIR method
using Hg2+ and Zn2+ heavy metal sites. RNase D crystals have
P212121 symmetry, and there is one monomer per asymmetric unit.
Details of data collection and refinement are shown in Table 1. The
program SOLVE (Terwilliger and Berendzen, 1999) was used to lo-
cate positions of Hg and Zn atoms and to calculate MIR phases.
SOLVE located five Hg sites and one Zn site and yielded excellent
starting experimental phases with an overall figure of merit of 0.32
for an initial electron density map to 1.9 Å. The phases were im-
proved to a figure of merit of 0.56 using density modification and
solvent flattening in RESOLVE (Terwilliger, 2000). The automatic
building and iterative refinement/autorebuilding features of RE-
SOLVE were used to position about 330 aa (out of 375 aa) in the
electron density map. The model was then extended by several
rounds of manual building in O (Jones et al., 1991). Model refine-
ment and phase combination between rounds of model building
were done with CNS (Brunger et al., 1998). The higher resolution
(1.6 Å) structure of the Zn derivative of RNase D was built by molec-
ular replacement using CNS starting with the refined 1.9 Å native
structure. Model quality was monitored using PROCHECK
(Laskowski et al., 1993). All model quality indicators were either
within the normal range or better. Molecular interface interactions
were analyzed by using the Protein-Protein Interaction Server at
http://www.biochem.ucl.ac.uk/bsm/PP/server (Jones and Thorn-
ton, 1996). All molecular figures were generated using PYMOL
(DeLano, 2002).
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